The best decision-making is a difficult task in forest management because it involves a large number of market and production variables. We simulated the growth and yield of loblolly pine in high-quality sites, aiming to indicate thinning regimes and planting densities that maximize the production of large diameter logs (minor diameter >35 cm), as well as economically evaluating such regimes. We used the software OpTimber-LP for forest optimization problems. Simulations involved four planting densities (1,111; 1,600; 2,000; and 2,500 plants/ha); three thinnings with different weights, frequencies and ages of application; and clear cut at 25 years. Such combinations totalized in 2,916 simulated regimes. We computed ANPV assuming variations in interest rates, besides costs of production and returns resulting from thinnings and from clear cut. The findings indicated great productions of large diameter logs in regimes with low planting densities. Heavy thinnings (60% removal of trees) highlighted by being ideal to almost all regimes, mainly those ones with densities of 2,000 and 2,500 plants/ha. Heavy intensity also was ideal to the first thinning, regardless the planting density. The most productive regimes presented large diameter log volumes ranging from 480 to 260 m³/ha, for regimes with 1,111 and 2,500 plants/ha, respectively. ANPV ranged from ~1.300 to ~2.100 R$/ha. As conclusion, less dense regimes provide largest productions in large diameter log, but the lowest productions in total volume; as consequence, ANPV was larger in denser regimes, once the revenue obtained from high-value logs did not overcome that one obtained from finer (and consequently cheaper) logs. High-density regimes may produce less timber volume due to only one improper thinning, whereas low-density stands may have production really affected when are subjected to consecutive improper thinnings. Keywords: growth and yield simulator; operational research; thinning regimes; planting density.
INTRODUCTION
Forest management and silviculture are activities that always involve decision-making taken basing on technical analysis or even on manager's empirical knowledge. Forest production contemplates a large number of variables whose interactions oftentimes turn into a complex situation. A forest manager that starts tree cultivation first must define the planting density per unit area. In southern Brazil, for example, pine forests are planted adopting from 1,111 up to 2,500 plants/ha. The increase of tree density makes the forest to reach earlier the competition by water, light and soil nutrients, resulting in self-thinning. Knowing that, loss of wood by mortality (self-thinning) must be avoided with intervention of artificial thinnings.
Despite the thinning effects are quite known on pine cultivations, the intensity, time, and type of thinnings are not easily determined, mainly for production of high-value logs, whose diameters are larger than the normal. The reason of that difficulty is because tree growth depends on several factors, including site index, plant density, species, and age of the forest, among others. These variables combined generate various possibilities to manage a forest, but one, and only one of them reaches the optimal production, since they present distinct growth rates and stocking just by changing the thinning regimes (SOALLEIRO; GONZALEZ; SCHRÖDER, 2000; PALAHÍ; PUKKALA, 2003; MIINA, 2013; DAVID et al., 2017b) . Thinnings play an important role in the forests destined to production of high-value logs, as venner and sawlogs. This silvicultural technique can increase diameter growth rates of the remaining trees once stagnated in condition of high density. In Brazil, pine forests also are thinned to control plagues as wood wasp (Sirex noctilio F.), capuchin monkey (Sapajus nigritus Goldfulls), as well to control forest fires, contributing thus for the forest maintenance (BORDEAUX; LORENZ; DEAN, 2012; LIEBSCH et al., 2015) .
In this paper, we simulated the growth and yield of 2,916 loblolly pine (Pinus taeda L.) forests managed up to 25 years old. The aim was to indicate silvicultural practices (thinning regimes and planting densities) that maximize the production of large diameter logs (minor diameter >35 cm). We also performed an economic assessment and sensitivity analysis to evaluate the feasibility of the best management regimes. We considered four planting densities and application of three thinnings, which ranged in intensity and age of application. The simulations were performed considering a highly productive site index.
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MATERIALS AND METHOD

Growth and yield simulation
This research consisted of simulating the growth and yield of loblolly pine forests in order to evaluate the production of large diameter logs (minor diameter >35 cm). The scenarios were simulated using the operational research software OpTimber-LP ® , developed by the company OpTimber Optimization and Informatics. This software has linked to its internal system the software SisPinus ® , which is a growth and yield simulator of pine plantations in southern Brazil (CORTE; SANQUETTA, 2007) . Oliveira (2011) , illustrates some applications and shows modeling issues of the software SisPinus ® . We adopted management regimes (without considering pruning) with four planting densities commonly used in pine plantations in the south of Brazil: 1,111; 1,600; 2,000; and 2,500 plants/ha. In addition, the simulated regimes were thinned three times, in which the first may be applied between 7-9 years, the second between 13-15 years and the third between 18-20 years old. The first thinning was always mixed, combining systematic (at every fifth line) thinning and from below, whereas the other ones were always thinnings from bellow, removing 30%, 45%, or 60% thinner trees. All the simulated regimes were clear-cut at 25 years old. Figure 1 shows the interaction between all the employed variables (planting densities, intensity and age of application of the thinning), which totalized in 2,916 management regimes. The software OpTimber-LP ® allows to embed a dominant height growth equation, thus we simulated the management regimes referencing the most productive site index found by David et al. (2015) , for Pinus taeda in southern Brazil. Such site index corresponds to a dominant height around 28 m at the reference age of 15 years. In addition, this software presents taper functions that allowed us to estimate log volume following log dimensions previously defined. The sum of log volumes resulted in the total volume of the simulated regimes.
Although we are focused in the production of large diameter logs (minor diameter >35 cm), we also presented total volume of the most productive simulated regimes. In the south of Brazil, logs with minor diameter larger than 35 cm are commonly sold for veneer mills, as consequence are highly valued in relation to other smaller diameter logs. After simulating the production of the 2,916 management regimes, we performed an economic assessment and sensitivity analysis in order to estimate profitability under different interest rates.
Economic assessment and sensitivity analysis
We employed a discounted cash flow method in this research, which is an evaluation proper to our case that involves variations of cash flows among the simulated regimes (SILVA; JACOVINE; VALVERDE, 2005) . We first calculated Net Present Value (NPV) [1] and then calculated Annualized Net Present Value (ANPV) [2] of the five most productive regimes in each planting density; its use in forestry is addressed David, H. C. et al. 1306 by Acuña and Drake (2003) . According to Dossa et al. (2000) , ANPV is employed in mid-and long-term investments and can be computed by multiplying the NPV by a capital recovery factor, as follows:
Where: Rj = return in the j-th periods; Cj = cost in the j-th periods; i = interest rate; j = j-th period, in year; and n = number of periods, in years.
We also performed a sensitivity analysis, in which NPV and ANPV were computed considering four interest rates usually adopted in forest investments in Brazil, being: i = 8%, 9%, 10%, and 11% (LIMA JUNIOR; REZENDE; OLIVEIRA, 1997) . Another reason to use such rates is that, for a long time, banks in Brazil provide interest rates of many investments ranging between these rates considered here. Therefore, a sensitivity analysis allows us to compare selected regimes with another investment, as a bank one.
To calculate NPV and ANPV, returns and costs of pine plantations in the south of Brazil were considered. The costs were based on a market research carried out by the enterprise Brasil Florestal Engenharia de Projetos, considering 2013 market prices in the south of Brazil. We considered: planting cost, taking into account manual application of herbicide pre-and post-planting, besides the cost of the planting itself; replanting; harvesting costs, in which mechanized operations were considered both for thinnings as for clear cuts and loadings to forest stand boundaries. In this research, we did not consider transportation cost because it depends on quite variable factors, such as forest-industry distance, fuel price, availability of trucks, among others. Prices of all silvicultural activities are described in Table 1 . Intensive management for optimizing the production of high-value logs... 1307
In relation to the returns needed, we assigned different log prices following assortment classes, once the outcomes are given according to the log dimension, as reported before. The outcomes also distinguish yields from thinnings and from clear cut, both used in the calculation of returns and costs during and in the end of the period of production. As the regimes yield not only high-value logs (which is our focus), ANPV was calculated considering returns and costs associated to all the log assortments. Dimensions and prices by log assortment are presented in Table 2 . 
RESULTS
We presented the results of production by planting spacing due to the large number of simulations, resulting in 729 simulated management regimes by planting spacing (2,916 in total). The following figures show scatterplots containing bubbles that represent each of the management regimes. The bubble size is proportional to the thinning intensity, in which the smallest bubbles represent regimes with lighter thinnings, i. e., 30% removal of trees. The biggest bubbles consequently represent the regimes with heavier thinnings, i. e., 60% removal of trees. In this way, these scatterplots approach perspectives of production in relation to the thinning intensities. Likewise, a perspective in relation to the age of thinnings was also illustrated, in which the smallest bubbles represent regimes with earlier thinnings (7, 13, and 18 years, respectively) and the largest ones refer to the later thinnings (9, 15, and 20 years, respectively). In addition, we separated the management regimes according to the intensity of removal from below (30%, 45%, or 60%) of the first thinning, aiming to detect its effect on the high-value log production. The following figures illustrate the volume of these logs in regimes with 1,111; 1,600; 2,000 and 2,500 plants/ha, in both perspectives (intensity and age of thinning). David, H. C. et al. 1308 FIGURE 2: Large diameter log volumes in simulated regimes for Pinus taeda L. with planting density of 1,111 plants/ ha, managed at 25 years old and subjected to different thinning regimes. Bubble size is proportional to the intensity and the age of thinning. Left-side graphic: First thinning is the heaviest one, whereas the second and third thinnings range from light to heavy. Middle graphic: First thinning is moderate, whereas the second and third thinnings range from light to heavy. Right-side graphic: First thinning is the lightest one, whereas the second and third thinnings range from light to heavy. Intensive management for optimizing the production of high-value logs... 1309 FIGURE 3: Large diameter log volumes in simulated regimes for Pinus taeda L. with planting density of 1,600 plants/ ha, managed at 25 years old and subjected to different thinning regimes. Bubble size is proportional to the intensity and the age of thinning. Left-side graphic: First thinning is the heaviest one, whereas the second and third thinnings range from light to heavy. Middle graphic: First thinning is moderate, whereas the second and third thinnings range from light to heavy. Right-side graphic: First thinning is the lightest one, whereas the second and third thinnings range from light to heavy. FIGURA 3: Volume de toras grossas em regimes simulados para Pinus taeda L. com densidade de plantio de 1.600 plantas/ha, manejados até 25 anos de idade e sujeitos a diferentes regimes de manejo. O tamanho da bolha é proporcional à intensidade e ao tempo de aplicação dos desbastes. Considering all the planting densities, we found an expressive variation in volume of large diameter logs. Regimes with denser spacing produced less volume than the regimes with less dense spacing, such as follows: 1,111 plants/ha -from ~140 to ~480 m³/ha; 1,600 plants/ha -from ~125 to ~385 m³/ha; 2,000 plants/ha -from ~85 to 320 m³/ha; 2,500 plants/ha -from ~35 to ~275 m³/ha. Table 3 presents results of the five most productive management regimes by planting density, including thinning descriptions, age of application and intensity (%) of removal from below, as well total and large diameter log volumes. The regimes presented in Table 3 are optimal by producing a maximum large diameter log volume. Where in: a = Systematic thinning (at every fifth row) plus thinning from below; b = Intensity (%) of removal from below.
As shown in Table 3 , the most productive regimes with 1,111 and 2,500 plants/ha provided, respectively, high-value log volumes equal to 481.1 and 263.5 m³/ha, an expressive difference of ~45%. On the other hand, differences in total volume were not so expressive in relative values, reaching ~25%. The findings reveal a clear trend in decreasing the production of large diameter log from less to denser regimes, however, the total volume was maximized in denser regimes.
Regarding to the thinning regimes, we noted that most of the optimal regimes presented at least two thinnings from below with 60% removal of the remaining trees (Table 3) . To attain an optimal productivity in high-value logs, the findings indicated that the first thinning must be as heavier and earlier as possible (figures 2 to 5; Table 3 ), regardless of the planting density. In the second thinning, the lighter intensities tended to be better in less dense forests than in denser ones, but this trend was weaker in the third thinning. The first thinning tended to be more steady, since variations in intensity and age of application were greater in the second and third thinnings ( Table 3 ), meaning that managers face riskier decisions in the choice of proper periods and intensities for thinning forests for the second and third time.
Among the five most productive regimes with 1,111 plants/ha, the second thinning had opposite behavior comparing to the first one, where heavier thinnings were more frequent among these highlighted regimes. In regimes with 1,600 and 2,000 plants/ha, the thinnings were relatively similar in respect of intensity and age of application, suggesting that these two planting intensities are more similar among the David, H. C. et al. 1313 four examined ones. As expected, regimes with 2,500 plants/ha presented heaviest thinnings in all optimal regimes, but not the earliest ones. ANPV of the best regimes was calculated considering four different interest rates as showed in Table 4 . The smallest and highest values were respectively ~1,300 and ~2,100 R$/ha, but for a same interest rate, ANPV ranged on average ~300 R$/ha among the planting densities. The variation of interest rates affected the ANPVs in up to ~530 R$/ha in a same optimal regime. 
DISCUSSION
Effect of density and thinning regimes on timber production
The findings show that the production of large diameter logs is inversely related to the planting density, decreasing as much as the density increased; 1,111 trees/ha highlighted as the optimal density. So, forest managers must consider that thinning is not the only silvicultural activity for maximizing production of large diameter logs (LEITE; NOGUEIRA; MOREIRA, 2006; PAULESKI, 2010) , since no thinning regime applied to denser forests attained the best production in the less dense regimes (1,111 trees/ha). In other words, planting density also contributes to attain an optimal high-value log production. Similar to our results, Sanquetta et al. (1998) used a database from experimental plots in the state of Parana to simulate (also by means of the software SisPinus ® ) the effect of planting densities on the log production for veneer; they obtained statistical differences in volume of up to ~10 times between the densities 3,333 and 909 plants/ha. The authors also assessed interactions between planting density and thinning regimes, noting that treatments without and with one or two thinnings yield statistically equal large diameter log volumes. They concluded that the spacings of 2.5 × 2.8 to 2.5 × 4.4 are ideal to maximize the production of large diameter logs, either with or without applying thinnings.
Although, we only considered regimes with thinnings, what prevent us to compare to the results without thinnings from Sanquetta et al. (1998) , our results indicate the importance in carrying particular thinning regimes according to the planting density. For example, in regimes with planting density of 2,500 plants/ha, the best and worst thinning regimes were responsible for a difference in the production of highvalue log around seven times ( Figure 5 ). Such variation decreased from high-to low-density regimes, in which regimes with 1,111 plants/ha reached a maximum difference in volume around three and a half times (Figure 2 ). Among the five most productive regimes with 2,500 plants/ha, in two of them the age of the first thinning (8 and 9 years) was later than the other ones. This is an unexpected event in high-density planting, where the optimization should prioritize earlier thinnings in highly stocked forests. However, we have to consider that the simulator SisPinus ® have mortality models included in its system, which ends up inducing thinnings to be postponed or to have lighter intensities, since such regimes are very susceptible to tree mortality caused by self-thinning (SCHNEIDER et al., 2009) . Thus, perhaps the optimal age of the first thinning may be earlier than 7 years, i. e., in a period when the forest did not reach a maximum mortality caused by self-thinning.
In general, figures 2 to 5 show that early thinnings tend to be more efficient for obtaining large diameter logs in all planting densities, as well as the heavier thinnings. However, age of application showed to be more important in high-density regimes. It is important to highlight that despite thinnings stimulate the tree diameter to grow in faster rates, oftentimes thinnings should not be applied when a forest is managed aiming to maximize total timber volume, disregarding log diameters, such as addressed by David et al. (2017a) and Elesbão and Schneider (2011) . In addition, we point out that timber production is associated with soil nutrients, light and water available in medium-and high-quality sites (ACERBI JUNIOR et al., 2002) , therefore, we must take into account that the behavior of regimes changes among sites of different qualities (GOMES; MAESTRI; SANQUETTA, 1997; SANQUETTA et al., 1998; DAVID et al., 2017b) .
Economic implications of optimal management regimes
Our findings show that maximizing production of high-value logs does not mean maximizing ANPV. As the total volumes were proportional to the planting density (Table 3 ), the denser regimes ended up presenting greater ANPVs, comparing to the less dense ones. Such relation was expected and is addressed in researches as Gomes, Maestri and Sanquetta (1997) . The fact is that the price we adopted for the assortment class 'veneer log' did not overcome the higher revenues from finer and cheaper logs, which are majority in denser regimes. In an economic point of view, it is important to highlight that foresters that plant to sell timber have different end goals than companies that plant for their own consumption, where many other economic issues are taken into account. To these companies, the timber harvested is just the mid of a production chain and value will be added to their timber after industry processes. To foresters, in turn, our findings suggest that planting forests seeking to maximize total volume is more economically feasible than maximizing high-value log volume. Obviously, this statement is valid for costs and prices of logs around which we used in the simulations.
It is usual forestry companies and managers make forest investments considering long time horizons, even knowing that market prices of logs may vary in a relatively short time. In the south of Brazil, some companies bet in the business of clean wood, hoping that fine timber products will lack in the future. Forests destined to clean wood require pruning and selective thinnings that increase the production costs, and this creates an uncertain scenario that should be more carefully analyzed, but in fact, it has been oftentimes underrepresented or disregarded (HILDEBRANDT; KNOKE, 2011) . In this scope, modelling growth and yield under different management regimes has commonly been a neglected task, as exposed by Hildebrandt and Knoke (2011) . SisPinus ® plays an important role to this, since it possesses a massive database from pine plantations in southern Brazil, besides allowing us to incorporate equations generated from particular forest data, such as dominant height and taper equations.
In addition to the modelling issues, simulating variations of interest rates to assess economically forest investments also contributes, among others, to define thinning regimes, once there is a trend in increasing the number of thinnings, when high interest rates and long rotation forests are considered (DAVID et al., 2017a) . As our analysis involves only simulations with three thinnings, we cannot examine the need for thinnings as a response to the variation of interest rates, but in respect of planting density, interest rates had low impact, presenting generally an amplitude of ~500 R$/ha (Table 4) . Vitale and Miranda (2010) discussed the relation between thinning and interest rate by assessing economically pine and eucalyptus rotations also in the state of Parana. The authors noted that the regimes with revenues obtained from early thinnings overcame the ones that were thinned later; consequently, one suffered more influence of the interest rate than the other did.
CONCLUSIONS
To manage pine forests in the south of Brazil aiming to maximize the production of large diameter logs, the manager must opt for low-density regimes (1,111 plants/ha); they provide the highest productions of large diameter logs. In addition, such low-density regimes present fewer uncertainties in the choice of the intensity and age of the first thinning than high-density regimes. It means that improper intensity or age of the first thinning can affect the log production more in high-density regimes than in the low-dense ones. The management regime that provided the highest production of large diameter logs highlighted by containing: 1,111 plants/ha; heavy first thinning (5 th line + 60% removal from below), at 7 years old; light second thinning (30%), at 13 years old; light third thinning (30%), at 20 years of age.
Considering high-quality sites and the costs and returns used here, managing pine forests seeking to maximize total volume is more profitable than maximizing large diameter log volume; in this case, denser regimes (1,600 or 2,500 plants/ha) should be preferred. Even applying the highest interest rate (11%), all regimes were profitable.
